We simulate wave propagation in the whole heart containing a local inhomogeneity whose properties mimic some properties of cardiac tissue during the acute phase of infarction. The dynamics of cardiac tissue is described by a FitzHugh -Nagumo (FHN) model. We show that two or several short period stimulations of the heart lead to the development of a 3D vortex ring, which is a temporal source of high frequency waves. The vortex ring is located near the boundary of the infarction and induces wave patterns which appear as several focal wave sources on the epicard and endocard. We have traced the lament of the vortex and show its dynamics. Continuous stimulation of the heart at high frequency resulted in the Wenckebach e ect.
Introduction
The study of patterns of heart excitation is important for many aspects of experimental and medical cardiology. The preferable approach to the problem is to map excitation propagation in the whole heart. However, there are numerous di culties in experimental studies, especially, with regard to the mapping of three-dimensional wave propagation Pogwizd and Corr, 1987a , Pogwizd and Corr, 1987b , Chen et al., 1988 , Chen et al., 1990 , Frazier et al., 1989 , Winfree, 1990 ].
An alternative approach is to perform computer simulations which may give some general ideas on wave dynamics. Until now the majority of computer simulations have been carried out in 2D or 3D media but have not taken tissue anisotropy and the actual geometry of the heart into account (see, f.e. refs. Pan lov, 1991 , Keener and Tyson, 1992 , Pertsov et al., 1993 , Starmer et al., 1993 ). Recently, a whole heart model has been developed which is based on experimental anatomical data describing the geometry and the ber orientation eld Pan lov and Keener, 1993a, Pan lov and Keener, 1994] . In this paper we use a modi cation of this model to study 3D wave propagation in the heart with the imposed inhomogeneity. Such an inhomogeneity can originate during a myocardial infarction, or as a result of any other changes in the tissue properties. In this paper we study a heterogeneity whose parameters are close to those of cardiac tissue occur during the acute phase of myocardial infarction.
Infarction is regarded as one of the most dangerous heart diseases. Usually, it develops due to an occlusion of the coronary artery resulting in damage to myocardial tissue. There are two major phases of infarction: acute and chronic Janse and Wit, 1989] . The acute phase occurs during the rst few minutes after occlusion and is critical because some dangerous arrhythmias and brillation can be initiated during this phase.
Experiments show that several important tissue parameters change during the acute phase. The main changes are: (i) a shortening of the duration of the action potential, (ii) a decrease in the resting potential, (iii) an increase in the propagation velocity near the infarct boundary, (iv) a change in the refractory period Janse and Wit, 1989] .
The change of tissue parameters during infarction implies a presence of inhomogeneity inside the heart. The inhomogeneity is usually treated as a factor which promotes the appearance of sources of waves, either focal, or reentry (3D vortex). There are several important questions on the dynamics of reentry in such a medium: where the wave-source is located, what is its type and dynamics, what maps of excitations it generates on the surface of the heart? It is obvious that the answers to these questions strongly depend on the geometry of the medium. Hence, it is important to study the above mentioned problems using the realistic geometry of the medium, the realistic initial conditions and the realistic models. We have tried to account for all these factors: we use the realistic model of the heart with realistic localization of infarcted tissue; for the initiation of cardiac excitation we used experimental data from the isochronic maps reported by Durrer et al Durrer et al., 1970] .
In the present paper we show that: two stimulations with a short coupling interval can generate a 3D vortex ring whose lament is located near the boundary of the heterogeneity. Life time of such a vortex is limited to several rotations. Continuous stimulation with high frequency results in a wave block based on the well-known Wenckebach mechanism.
Model and method of integration
The dynamics of excitation propagation in our computations has been described by FitzHughNagumo equations FitzHugh, 1961 , Nagumo et al., 1962 f(e) = k 1 e; "(e) = " 1 e < e 1 f(e) = ?g f e + a; "(e) = " 2 e 1 e e 2 f(e) = k 3 (e ? 1); "(e) = " 3 e > e 2 The parameters determining the shape of the function f(e) are k 1 = 20; g f = 3; k 3 = 15; a = 0:15; g s = 3; e 1 = a=(k 1 + g f ); e 3 = (k 3 + a)=(g f + k 3 ) . f(e) is continuous under the chosen parameters. " 1 speci es the duration of the refractory tail, " 3 -the duration of the excited state. We assumed " 1 ?1 = 1:3, " 2 ?1 = 17 and " 3 ?1 = 0:1. d ij is a di usivity tensor representing the anisotropic properties of the tissue. The tensor has been calculated on the basis of the experimental measurements of bre orientation eld made by Nielson et al Nielson et al., 1991] using the procedures described in the ref. Pan lov and Keener, 1993a , Pan lov and Keener, 1994 , Pan lov, 1995 .
We used this model to describe the dynamics of excitation in normal cardiac tissue. To create an inhomogeneity we have modi ed eqs. (1) The main changes in equations 2 compared to eqs. (1) are: modi cation of recovery dynamics to account for shortening of the duration of the action potential and increase in the refractory period; the rest potential is shifted from the point 0 to the point e in order to mimic depolarization of ischemic tissue. As a result of the changes, the velocity of wave propagation is increased near the boundary of the inhomogeneity. Both the modi cation of the recovery dynamics and the shift of the fast nullcline result in the shortening of APD and in increasing of the refractory period. The physical meaning of the parameter changes is the appearance of the leakage currents in the damaged infarcted cells ( e shift) and simulation the changes in the kinetics ( " modi cations). The modi cations mimic some of the changes that occur in tissue properties which have been measured during the acute phase of a myocardial infarction Janse and Wit, 1989] .
The computations were carried out within a cube of 127x127x127 elements. The inhomogeneity occupied 10 ? 20% of the mass of the whole heart and was located in the apex ( g.1). The excitable tissue was described either by eqs.1 in the normal myocardium, or by eqs.2 in the region of the inhomogeneity. A detailed description of the computation procedures is given in ref. Pan lov, 1995] .
The excitations were initiated according to a protocol based on the data of isochronic maps of wave propagation that were experimentally measured by Durrer et al. Durrer et al., 1970] . On these maps we determined the earliest sites of excitation, whose coordinates were input into the computer and used as the coordinates of initial sites of excitation.
The physical distance between the points in our model was 0:73mm. Time scaling was made using the same procedure as in ref. Pan lov, 1995] , which yielded 14ms=t:u: The grid spacing was ne enough for stable propagation of the wave (there were several points on the front).
Results
Wave patterns in an inhomogeneous medium depend on the frequency of stimulation. A single stimulus or stimulation with a long period (several times as long as the refractory period) results in similar patterns in our model with and without heterogeneities. There is simply a minor acceleration of a wave near the infarction boundary due to depolarization of the tissue. As the period of the wave initiation decreases, the dynamics of wave propagation changes signi cantly. We have studied two situations: one resulting from the application of two stimuli separated by a short time interval, and the other resulting from a periodic high frequency stimulation.
Two stimuli separated by 150ms resulted in the development of wave breaks near the infarction boundary. Fig.2 shows the breaking of the front of the second stimulus. This breaking occurs because of the refractoriness gradient near the infarction boundary. The time interval between the pulses, in this case, is slightly shorter than the refractoriness of the the infarcted tissue, but longer than the refractoriness of the normal tissue. This results in the blocking of the second wave near the infarction boundary Krinsky, 1978] . The shape of the front, which is determined by complicated geometry of the ber bundles and the shape of heterogeneity determines the shape of the wave-break. The wave breaks are seen in the two perpendicular sections (a6,a7 and c5-c7). These wave brakes formed a 3D reentrant pattern.
The observed reentrant pattern is a scroll ring Winfree, 1973, Pan lov and Pertsov, 1984] . The dynamics of the vortex is shown in g.3. The vortex is seen to be unstable; it shrinks and collapses after three rotations. The lament of the vortex ring is located inside the myocardium near the boundary of the infarction ( g.4). In the course of time the lament shrinks and slowly drifts within the inhomogeneity (a-c) until the collapse. Note that, due to tissue anisotropy and complicated heart geometry, the scroll has nontrivial dynamics and the lament has a complicated shape. On sections (a) and (c) the lament is not closed and touches the heart boundary, whereas on (b) the lament has become detached from the boundary.
There are four factors that determine the dynamics of the vortex: drift in a parametric gradient near the infarction boundary Pan lov and Vasiev, 1991] , drift in the tissue with rotational anisotropy Pan lov and Keener, 1993b] , shrinking due to lament curvature Pan lov and Pertsov, 1984, Keener and Tyson, 1992] and the e ect of heart boundaries. In our case all the factors are involved which makes it di cult to extract the only major factor. We think that the lifetime of the vortex ( g.3) is determined mostly by the drift near the infarction boundary and by the contraction of the vortex lament due to curvature e ects. In our case the life time (three rotations) is much shorter than that observed in a homogeneous medium Pan lov and Pertsov, 1984] . This is because the drift due to inhomogeneity signi cantly reduces the life time of the vortex (see a similar 2D case in ref.
Pan lov and Vasiev, 1991]).
Wave patterns initiated by this vortex are presented in gs.5,6. Note that wave patterns on the epicardium and endocardium ( g.5) resemble those generated by an intramural focal source that located somewhere in the apex. This resemblance is kept in the case of a 3D view also ( g.6). However, such wave patterns are generated by a scroll ring whose lament is located in the depths of the myocard.
A reduction in the period of stimulation to 100ms results in the well-known Wenckebach e ect Delmar and Jalife, 1990] , i.e.there are di erent periods of excitation inside and outside the inhomogeneity. This happens because the refractoriness of the infarcted tissue is longer than the refractoriness of the normal tissue. So, if pulses come with the period which is shorter than the refractory period of the infarcted tissue, the transformation of the rhythm ( Wenckebach e ect) occurs. Fig.7 shows the rhythm transformation to be 1:2, (only every second pulse penetrates into the infarction).
Discussion
In this paper we used the FHN model. This is a realistic model of excitation propagation and accounts for a simpli ed representation of the ionic transmembrane currents. A better quantitative description of ionic currents could be achieved using more complicated models: Beeler and Reuter Beeler and Reuter, 1977] , Noble Noble, 1962 , McAllister et al., 1975 , Luo and Rudy Luo and Rudy, 1991] , or others. However, the use of these models for 3D whole heart computations is not feasible because of computational di culties.
We used the FHN model to simulate wave patterns in an inhomogeneous heart. Imposing an inhomogeneity, we tried to incorporate the known from the literature experimental results and make properties of the inhomogeneity mimic those of ischemic tissue which develop during the acute phase of infarction.
We assume that the refractory period in infarcted tissue is longer than in normal tissue El-Sherif et al., 1975 , El-Sherif et al., 1977 , Gough et al., 1985 , Restivo et al., 1990 . In general, there are incomplete and sometimes contraversely experimental data concerning change of refractory period during infarction Janse and Wit, 1989] . We believe it is reason-able to assume that there is some increase in refractory period in infarcted tissue, especially close to the moment when it loses its ability to conduct excitation waves.
Many experimental studies (see Janse and Wit, 1989] for references) report an essentially spatial inhomogeneity inside an ischemic region. In our simulations we used an homogeneous in space ischemic region to show the basic e ects of a scroll wave initiation in a simpli ed situation, which helps one to understand wave pattern dynamics. In the case of a complicated spatial heterogeneity, we expect the mechanism of scroll formation to be similar, but its dynamics may be considerably more complicated.
The most important results of our research are:
Two or several pulses with a short coupling interval can induce a 3D reentry of the type of a scroll ring A Scroll ring in this situation has a nite lifetime; it drifts and collapses after several rotations
Wave patterns initiated by the scroll on 2D slices and on the epicardium resemble those created by focal sources
Continuous stimulation of the infarction with a period shorter than that of vortex rotation induces the Wenckebach e ect.
We think that the main results presented in this paper are general and do not depend on the speci c way in which a heterogeneity was incorporated or on type of the model of excitable medium. In particular, the formation of a reentry, and Wenckebach e ect are general, because they occur just as a consequence of heterogeneity in refractoriness and are the same for any excitable medium Krinsky, 1978] . The type of the wave-source and the wave-patterns inside the heart are primary determined by the geometry of the heterogeneity and by the geometry and anisotropy of the heart. We think that they should be and similar in other models of excitable tissue. The dynamics of a scroll ring can be model speci c. However we think that the direction of the drift should be the same, as it can be explained and understood using overall characteristics of cardiac tissue, such as \refractoriness", \ex-citability", etc Krinsky, 1978 , Pan lov and Pertsov, 1984 , Pan lov and Vasiev, 1991 . The next step would be the use of advanced models of heart excitation, such as Beeler and Reuter Beeler and Reuter, 1977 ], Noble Noble, 1962 , McAllister et al., 1975 , Luo and Rudy Luo and Rudy, 1991] models. These model give more realistic description of of infarcted and normal cardiac tissue. However, currently this is beyond the power of available computers.
Some of the features mentioned above have been observed experimentally. Pogwizd and Corr Pogwizd and Corr, 1990] found that normal sinus beats immediately preceded the initiation of VT leading to VF, caused by the development of reentry. In 75% of their experiments a reentrant mechanism of VT during ischemia was found to occur Pogwizd and Corr, 1987a] . The existence of Wenckebach-like patterns during ischemia and infarction was observed by El-Sherif et al El-Sherif et al., 1975 , El-Sherif et al., 1977 . The nite lifetime of the reentry observed in our computations is in good agreement with experimental data reported by Cha et al Cha et al., 1994] . They found the average number of a reentrant wave rotations during a brillation is three. There are several mechanisms of a reentrant wave termination are suggested in ref. Cha et al., 1994] . We can propose one more mechanism of reentry termination on the basis of the results of our simulations. This is a termination due to collapse of a single vortex Pan lov and Pertsov, 1984] which occurs because of the curvature of the lament, tissue anisotropy and the drift in a heterogeneous medium.
Figure Captions
Fig.1 Sketch of the infarcted heart. The shape of the heart used in simulations is adopted from experimental data Nielson et al., 1991] . The contoured volume in the apex is an infarction. Two balls near the apex denote the position of the reference points used to register the activations shown in g.7. Fig.2 Wave propagation inside the whole heart. The gure is composed of three plates, each being divided into 12 sections. (The coding is presented at the upper right part of g.) Each section represents a slice of the heart; the slices inside a section are made parallel to each other with constant space shift. The slices belonging to di erent plates are perpendicular. White lines show the position of the wavefront at t = 319ms . Slices at (a6,a7,c5-c7) illustrate the wave breaking in response to the second of two stimuli. Note that the wave breaks are seen in the two perpendicular sections, indicating that the vortex is a vortex ring. and (c)735ms (bottom); a view from the base of the heart. The boundary of the inhomogeneity is shown in light-grey. The parts of the lament in the normal tissue are colored black; the parts inside the inhomogeneity { dark-grey. Note that the lament is shrinking with time and becomes immersed into the inhomogeneity. The lament is not closed on (a); (c) because it touches the heart boundaries. Fig.5 Wave patterns generated by the vortex on the epicard and endocard. Digits 1{4 denote the wave front position at time moments t = 399ms through 455ms with the increment 42ms. Note that wave patterns on the surface of heart resemble those generated by a focal source located somewhere in the apex. Fig.6 3D view of a wave pattern initiated by a vortex ring at t = 525ms. Two wavefronts are seen inside the heart as white surfaces. The waves are initiated near the infarction boundary ( g.1) and propagate from the apex to the top. Fig.7 Wenckebach e ect: the second of every two pulses penetrates into the infarction. Vertical bars designate the moments of the front arrival at a point inside infarction (a) and in the normal tissue (b). The rhythm transformation occur near the infarction boundary. The location of the reference points inside the heart is shown in g.1.
